Comparing forelimb use across primates can improve the understanding of the mechanisms and functions of brain asymmetry. We broadened the comparative framework by investigating hand use biases across spontaneous behaviors in 11 captive emperor tamarins of 2 family groups. We found a right preference across 58% of pooled unimanual bouts and 60% of all tasks. The maximum biases for a single task were 88% right-hand use and 78% left-hand use. On an individual basis, for most tasks, 6 tamarins preferred their right hand, 2 tamarins the left, and 2 animals were ambidextrous. Only a single tamarin did not switch between left and right hand bias according to task, but displayed a consistent right-hand bias. Our accompanying review of the 2 dozen previous callitrichid hand use studies confirms this picture. Across the board, these report hand preferences for single tasks. Task specialization is found in less than half of the studies, hand specialization in less than a third, whereas population level handedness is almost never reported. Importantly, right-hand use is preponderant, but very rarely consistent across tasks or subjects. This might be attributable to the fact that often-employed simple (food-reaching) tasks may not be coupled to a specialized hemisphere and therefore not constrain forelimb use. A better understanding of what causes directional forelimb use in callitrichids and other animals is currently hampered by a lack of standardized methods including measurement criteria, task difficulty, and social setting as well as a dearth of taxonomic diversity and field studies.
The traditional notion of brain asymmetry in motor, sensory, cognitive, and affective domains as an exclusive human trait (e.g., Corballis, 1991) is increasingly challenged by evidence of widespread lateralization in nonhuman animals (e.g., Rogers & Andrew, 2002; Vallortigara & Rogers, 2005) . A systematic lateral bias has potential costs that must be outweighed by benefits (for the following, see review in Vallortigara, Chiandetti, & Sovrano, 2011) . Lateralization can be disadvantageous as it renders an animal more predictable and thus more vulnerable to predators; vice versa, such bias can decrease the ability to capture prey or confront competitors. Potential benefits include the freeing up of neural capacity or increased efficiency of resource acquisition. The fact that lateralization is often directional in more than half of the population may suggest that it is a byproduct of developmental genetics or results from frequency-dependent selection driven by social and ecological factors. Continued research by ethologists and behavioral ecologists will be necessary to solve "the longlasting puzzle of the mechanisms and evolutionary origins of the left and right brain specializations" (ibid., p. 154).
We broaden the available database by investigating two groups of captive emperor tamarins (Saguinus imperator). Little is known about hand use in these small New World primates, although handedness studies have been conducted across various species of Callitrichidae. New data will thus add to the comparative framework, potentially allowing to better identify taxonomic trends. Callitrichidae feed largely on invertebrates, tree sap, and fruit, breed communally, and experience considerable predation risks (Rylands, 1993) . Although captive animals are more easily observed than wild, their behavior may be modified by an asymmetrical and limited environment, groups that differ from natural sex-and age-compositions as well as enculturation with human right-handedness (McGrew & Marchant, 1997) . We will therefore scrutinize the potential influence of captive setting, age, sex, as well as simple and more complex hand use pattern. Our findings are discussed against a brief review of available studies of callitrichid hand use.
Method
We studied captive emperor tamarins for potentially biased use of hands across a variety of spontaneously occurring positional and behavioral categories (see Table 1 ). Study subjects lived in two groups (see Table 2 ). A six-member family at Drusillas Park/U.K. was housed in three caged rooms (L: W: H ϭ room 1, 3.3: 1.8: 1.8 m; room 2, 1.0: 1.8: 1.8 m; room 3, 1.2: 1.0: 2.0 m). A sevenmember family at London Zoo/U.K. roamed freely in a so-called "bio-dome" (L: W: H ϭ 21: 11: 12 m) where they interacted daily with other South American primate, bird, and mammal species as well as visitors and keepers. All subjects were individually recognized by the data collector (K.O.). Focal animal sampling (Martin & Bateson, 2007) of 20-min duration was carried out over 13 weeks (May 1-July 31, 2011). One animal in each group was disregarded because of injury or disease, leaving 51 h sampling time across 11 subjects.
Consecutively repeated behaviors were recorded as a single bout that lasted until the subject changed hand, behavioral category, or remained inactive for Ͼ15 s. Data analyses with SPSS Version 19.0.0 identified significant degrees of left-hand bias (LHB) versus right-hand bias (RHB). A two-tailed Kolmogorov-Smirnov Normality test (KSN-test) gauged the normal distribution of data. Differences between populations were explored via two-tailed two-sample t tests (t test [two-tailed] ). Chi-square contingency tests (2-test) examined group, age, and sex differences. A binomial test identified significant differences of hand preference (chance set at p ϭ q ϭ 0.50). Significance level was set at ␣ ϭ .05.
Results
Across the 11 focal animals, we recorded 4292 bouts of hand use, with an individual mean of 390 and a median of 396. Distribution across the 10 initial behavioral categories varied substantially, with more than 1000 bouts for eat compared with less than 20 for allo-scratch and embrace. These last two categories were excluded from analyses, as were all records for individual behaviors with fewer than 6 entries. We also excluded 856 bouts that were yoked (19.9% of all entries). This left 3438 unimanual bouts (81.1%) across 8 tasks as data pool (see Table 2 ).
To classify biases (cf. Table 1) according to McGrew and Marchant (1994) , we looked at hand use across individual tasks and monkeys. We used a more relaxed and a stricter criterion of asymmetrical forelimb use, that is, (a) NSB (nonsignificant biases outside an ambidextrous range arbitrarily defined as 48 -52%) and (b) SB (significant biases, as determined via binomial tests).
If bouts were pooled across the 8 tasks, we found that a single individual displayed a nonsignificant LHB (MJD1), 2 were ambidextrous (FAD1, MAD1), and 8 tamarins showed a nonsignificant and 7 a significant RHB. If all unimanual bouts are lumped, this translates into an overall significant RHB (average of 57.6% right-hand use, t test [two-tailed] , df ϭ 9, t ϭ 2.62, p ϭ .038).
A more complex picture emerges if we focus on the quantified 75 individual tasks in which the 11 tamarins engaged. Overall, the degrees of biases were rather similar (RHB, n ϭ 45, mean 65.3% use of right hand/task, median 61%, range 53-88%, SD 10.5; LHB, n ϭ 22, mean 60.4% use of left hand/task, median 59.5%, range 53-78%, SD 6.6). Thus, there was no exclusive use of a single hand by any monkey during any task. A breakdown for the different categories of biases revealed the following:
Hand preference (subject prefers one hand for a single task). (a) NSB were present for 89.3% (67/75) of tasks, with 60.0% RHB, 30.7% LHB and 9.3% ambidextrous. (b) SB were present for only 16.0% (12/75) of tasks. RHB (10 ϭ 83.3%) was far more common than LHB (2 ϭ 16.7%).
Task specialization (most subjects prefer one hand for given single task). (a) At the level of NSB, not a single task was associated with a consistent RHB or LHB. However, 6 of 8 Table 1 Categories of Data Recording (Modified After McGrew & Marchant, 2001) and Biased Hand Use (After McGrew & Marchant, 1994) This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
behaviors were preferentially executed with the right hand, whereas 2 tasks (substrate handling, grab) had the same proportions of RHB and LHB. (b) SB were related to eat (63.6% of animals, with 6 RHB and 1 LHB), whereas take object (27.3%, with 3 RHB), substrate handling (9.1%, i.e., 1 RHB), and grab (9.1%, i.e., 1 LHB) made up the rest. No significant hand preference was detected for self-scratch, self-groom, touch, or allogroom.
Hand specialization (an individual prefers one hand for various tasks). (a) As for NSB, 2 tamarins preferred the left hand for most tasks (MAD1, MJD1), whereas 2 distributed RHB and LHB evenly across tasks (MJL2, FAD1). Of 7 tamarins who preferred the right hand for most tasks, only a single (FAL3) displayed a consistent RHB. Thus, all but 1 tamarin switched between RHB and LHB according to task. (b) 2 tamarins did not show a SB for any task (FAD1, MAD1), whereas 9 animals did so (3 with 2 RHB; 4 with 1 RHB; 2 with 1 LHB).
Handedness (one hand consistently preferred across most subjects and most tasks). In measurements of both NSB and SB, RHB was prevalent over LHB. However, the pattern of hand use bias was not regular across even a single task, and only a single individual displayed a steady RHB. Thus, a consistent populationwide handedness cannot be postulated.
Given that significant biases were largely restricted to eat (7 subjects), we scrutinized this category further. We found an across-subject RHB mean of 63.1% and median of 60.5% (KSNtest, p ϭ .919). Eat constituted 34.4% of all bouts, which were thus 3.8 times more common than the average of 314 for other tasks. To exclude a potential effect of sample size, we randomly reduced the bouts for eat to 314. However, this produced practically identical results, as only 1 tamarin showed a significant LHB, compared with 6 with RHB (85.7%).
To assess whether task complexity influenced forelimb use, we used food provisions as a proxy, assuming that grasping and manipulating moving food is more demanding than that of stationary items. For this, eat, take object, and substrate handling were grouped as handling, whereas grab was analyzed alone. However, a significant difference between stationary versus moving food items was neither found for handling ( 2 test, df ϭ 1, 2 ϭ 0.607, p ϭ .436), nor for grab ( 2 test, df ϭ 1, 2 ϭ 3.434, p ϭ .064). For the variables pedality, posture, and substrate, mean forelimb preference values across all subjects were likewise not significantly different (t tests [two-tailed] ; pedality, df ϭ 20, t ϭ 0.3669, p ϭ .717; posture, df ϭ 19, t ϭ 0.918, p ϭ .369; substrate, df ϭ 20, t ϭ 0.141, p ϭ .889).
Finally, we assessed the influence of sex, age class, and zoo location. No significant differences were found between the sexes (t test [two-tailed] , df ϭ 9, t ϭ 1.84, p ϭ .098; 2 test, df ϭ 1, 2 ϭ 0.040, p ϭ .842) or age classes (t test [two-tailed] : df ϭ 9, t ϭ Ϫ0.234, p ϭ .614; 2 test, df ϭ 1, 2 ϭ 0.235, p ϭ .628). As for location, 40 individual tasks were measured at London Zoo (L) and 35 at Drusillas Park (D). The proportion of ambidextrously executed tasks was very similar (L 10.0%, D 11.4%,), although there were noteworthy differences in nonsignificant biases (RHB: L 67.5%, D 51.4%; LHB: L 22.5%, D 37.1%). Thus, location exerted a modest impact (t test [two-tailed] , df ϭ 9, t ϭ 2.373, p ϭ .042), although this was not confirmed by a 2 test (df ϭ 1, 2 ϭ 2.860, p ϭ .091).
Discussion
About two dozen handedness studies have been conducted so far with members of the family Callitrichidae (see Table 3 ), which comprises some 42 species in 7 genera. Studies are restricted to 8 species (19%) and three genera (43%). Research is also heavily biased toward popular laboratory taxa such as C. jacchus and S. oedipus (46%). Investigations of wild animals are particularly rare (15%). An outstanding detailed review of callitrichid hand use studies would have to disentangle effects of the great variety of tasks, measurement criteria and statistical methods used, as well as individual factors such as sex, age, social status, and personality. Still, even our broad overview in conjunction with our own limited results for S. imperator allows for some general conclusions about potential mechanisms and functions of biased forelimb use.
The Postural Origins Theory (MacNeilage et al., 1987) proposed that the right forelimb provided support (e.g., clinging to trees) for ancient arboreal primates whereas the left evolved a preference for visually guided movements (e.g., snatching insects). As primates ancestral to humans became increasingly terrestrial and upright, a freed right hand could specialize in complex manipulation such as tool use, which in turn aided a left-hemisphere specialization for language unique to humans (Corballis, 1991) . Our findings for pedality, posture, and substrate use in emperor tamarins do not support these notions-a conclusion shared by 87% of all callitrichid studies (n ϭ 15) that address this issue (see also Papademetriou et al., 2005) . These findings are in line with recent evidence that brain lateralization even at the species level does not have to be concordant with hand preference (review in Rogers, 2009 ).
The Manual Specialization Theory suggested a division of labor between forelimbs according to complexity; although both hands are able to perform simple tasks, only one is able to execute more demanding postural, perceptual, and cognitive maneuvers (Fagot & Vauclair, 1991) . We classified attempts of emperor tamarins to grab moving food as skill-demanding. Although half of all animals did prefer the left hand for this, we found no statistical difference compared to handling stationary food. Similarly, 80% of callitrichid studies on this topic (n ϭ 15) find no support for the theory. This is at odds with evidence that tasks such as grabbing moving targets are controlled by the right hemisphere and thus result in left-hand preferences, whereas the right hand is prone to perform fine object manipulations (review in Rogers, 2009 ). However, it is possible that allegedly difficult tasks designed by human experimenters are not actually perceived as challenging by the callitrichid monkeys (ibid.). Simple tasks (such as those reaching for stationary food) may not be coupled to a specialized hemisphere and therefore not constrain forelimb use (ibid.).
This might explain why the majority of callitrichid studies find biases of hand use to the left and right, and that these are typically not at the population level. To quantify this, we ignored methodological diversity and classified as many of the available callitrichid studies as possible with respect to McGrew and Marchant's (1994) categories of biased hand use (cf. Table 1 ). Every single study detected hand preference; 15% reported only RHB, 4% only LHB, and 81% a mixture. Task specialization characterized less than half of the studies (29% RHB, 17% LHB) and was absent in 54%. Hand specialization was even rarer (15% RHB, 0% LHB, 25% mixed) and absent in more than two thirds of all This document is copyrighted by the American Psychological Association or one of its allied publishers.
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investigations (70%). Finally, only 2 studies found evidence for population-wide handedness (1 for RHB, 1 for LHB), whereas the vast majority (92%) drew negative conclusions. As for our own study of emperor tamarins, environmental factors might at least partly explain why the Drusillas Park subjects executed fewer RHB tasks (51%) compared with those kept at London Zoo (68%). Keepers at Drusillas stocked the enclosures with preprepared food, whereas the London subjects interacted constantly and closely with visitors and keepers, who are overwhelmingly right-handed. This situation likely fostered a RHB in the London Zoo's emperor tamarins themselves, attributable to observational and social learning (see below), whereas such training effects were absent in the Drusillas subjects.
London's roofed-in bio-dome resembles a naturalistic environment fitted with numerous large plants. The tamarins can roam freely throughout this exhibit and also enter the surrounding elevated visitor gallery. There are several reasons why this increased opportunity to interact with humans may induce a greater RHB. First, visitors circumambulate the biome's central area clockwise, thus displaying their right hand more prominently than the left. Second, the tamarins often approach visitors closely or even come into contact with them, while visitors may point at the tamarins, usually with their right hand. Third, and probably most importantly, although most animal food is provided in trays and enrichment devices, keepers and zoo volunteers also provision the tamarins with small food items (again usually with their right hand) in efforts to entertain the public and control the animals. Picking up food held out by a human's right hand entices the animals to use their own right hand, as using one's left hand would be more difficult.
Such interactions with right-handed humans may induce the tamarins to pick up the directional limb-use. This is, because callitrichids, as cooperative breeders, are much more prone to spontaneous social learning than more independently breeding New World primates such as capuchin monkeys (Fragaszy & Visalberghi, 2004) or even other primates (except humans) in general (Burkart & van Schaik, 2010) . The callitrichid breeding system relies on ensuring uninterrupted and smooth transfers of infants between the various parents and alloparents. This includes the peculiar patterns of actively provisioning food to infants (by holding it out and vocalizing) as well as teaching-like behaviors about accepting novel foods. Callitrichids thus exhibit attentional biases toward carefully monitoring the behaviors and signals of interaction partners as well as increased social tolerance. This behavioral suite of spontaneous prosociality is scaffolded by observational forms of social learning, such as imitation (review in Burkart & van Schaik, 2010) . Importantly, the tendency toward observing and copying beneficial behaviors displayed by others is not restricted to group members or conspecifics, but also extends to other primate taxa including humans-or even a monkeyshaped robot (Burkart et al., 2012) .
Nevertheless, despite an overall preponderance of RHB in our study, LHB characterized 42% of unimanual bouts and 29% of tasks. Similarly, our review of the currently available callitrichid studies found mixtures for hand preference in 81% of all investigations and for hand specializations in a quarter. We may therefore rightfully ask whether the glass is half full or half empty for LHB.
Evidence is mounting that the contralateral hemisphere controls hand use as a reflection of different personality types of animals (review in Rogers & Andrew, 2002; Rogers, 2009) . Thus, more fearful individuals tend to display LHB (triggered by the expression of negative emotions through activities of the right hemisphere), whereas more proactive individuals display a RHB (Gorrie, Waite, & Rogers, 2008) . It is therefore conceivable that populations contain various proportions of animals with consistently different personalities and coping styles, which would likewise translate into varying fractions of RHB and LHB for simple tasks.
Still, too little is currently known about the potential genetic, epigenetic, social, and environmental factors that might shape certain behavioral types and thus directional hand use (Rogers, 2009 ) to arrive at firmer conclusions. Studies of callitrichids could be particularly useful as these monkeys are exposed to conflicting selective agents such as relatively high predator pressure on the one hand and benefits derived from social cohesiveness on the other (Fernandez-Duque, Di Fiore, & Huck, 2012) . However, to make further progress in our understanding of the mechanisms and functions of directional forelimb use, we need (a) standardized methods, (b) a better understanding of how tasks may impose directional bias, (c) studies covering a broader taxonomic suite, and (d) more studies of wild populations.
